We have designed a rapid cloning and screening strategy to identify new members of the nuclear hormone receptor superfamily that are expressed during the onset of Drosophila metamorphosis. Using In an effort to understand the molecular mechanisms of steroid hormone action, we have focused on the role of 20-hydroxyecdysone (20E) in directing the metamorphosis of the fruit fly Drosophila melanogaster. A high-titer 20E pulse at the end of third-instar larval development triggers puparium formation, followed 10 hr later by a 20E pulse that triggers head eversion and the onset of pupal development (6, 7). The 20E receptor is encoded by two members of the nuclear hormone receptor superfamily, EcR (8) and usp (9) (10) (11) At present, 13 members of the nuclear hormone receptor superfamily have been identified in Drosophila.
dimerization domain. Members of this superfamily can be divided into three classes on the basis of their ligand-binding and DNA-binding properties. Steroid receptors, including the estrogen and glucocorticoid receptors, form homodimers that bind to an inverted repeat of 6-bp consensus half-sites (1, 2).
The second class includes the retinoic acid and retinoid X receptors (RAR and RXR) as well as receptors for thyroid hormone and vitamin D. These receptors can bind to direct repeats of AGGTCA half-sites as homodimers or heterodimers (3) . Members of the third and largest class are referred to as orphan receptors because their potential ligands are unknown. At least some of these receptors, including Rev-Erb and NGFI-B, can bind to a single AGGTCA half-site (4, 5) . Although extensive studies have provided significant insights into the mechanisms by which nuclear hormone receptors regulate the transcription of target genes, we still know little about how these changes in gene expression result in specific and diverse developmental responses.
In an effort to understand the molecular mechanisms of steroid hormone action, we have focused on the role of 20-hydroxyecdysone (20E) in directing the metamorphosis of the fruit fly Drosophila melanogaster. A high-titer 20E pulse at the end of third-instar larval development triggers puparium formation, followed 10 hr later by a 20E pulse that triggers head eversion and the onset of pupal development (6, 7) . The 20E receptor is encoded by two members of the nuclear hormone receptor superfamily, EcR (8) and usp (9) (10) (11) . The UsP protein is most closely related to the vertebrate RXR family and can heterodimerize with vertebrate thyroid and vitamin D receptors, as well as with EcR (12) (13) (14) (15) . The ability of RXRs to function as promiscuous heterodimerization partners, combined with the sequence similarity of many receptor binding sites, suggests that other members of the superfamily may function in transducing 20E signals, either by interacting directly with EcR and/or Usp or by competing for receptor binding sites (16) .
At present, 13 members of the nuclear hormone receptor superfamily have been identified in Drosophila. In addition to EcR and usp, these include kni (17) , knrl (18, 19) , egon (19) , tll (20) , svp (21) , dHNF4 (22) , E75 (23), E78 (24) , FTZ-Fl (25) , DHR3 (26) , and DHR39 (27, 28) . Seven of these genes appear to contribute to the 20E regulatory hierarchies that direct the onset of metamorphosis-E75, E78, PFTZ-FJ, DHR3, DHR39, EcR, and usp (16, 29, 30 
RESULTS AND DISCUSSION
A Rapid Screen to Identify New Members of the Nuclear Hormone Receptor Superfamily. An alignment of the Drosophila nuclear hormone receptor DNA-binding domains reveals a unique central region of 8-9 aa flanked by highly conserved regions that each contain a Cys2Cys2 zinc finger ( Fig. 1 ). We designed a set of degenerate PCR primers from each of the conserved flanking regions and used these in pairwise combinations to synthesize libraries of nuclear receptor gene fragments. The three forward PCR primers-F3, F4, and F5-each span DNA sequence encoding conserved amino acids in the first zinc finger, and three of the four reverse primers-R4, R5, and R6-span DNA sequence encoding conserved amino acids in the second zinc finger (Fig. 1) . The R8 reverse primer was designed to identify Drosophila RXR homologs. This primer spans sequence immediately downstream from the DNA-binding domain that is conserved among members of the RXR family (33) . Each oligonucleotide primer contains three to nine deoxyinosine residues in order to reduce degeneracy (no more than 128-fold), maximize the range of superfamily members that can be detected, and minimize the effects of alternative codon usage. Six pairwise combinations of primers were selected to optimize the diversity of superfamily members that could be amplified: F3/R5, F3/R8, F4/R4, F4/R5, F5/R5, and F5/R6. cDNA prepared from staged late-third-instar larvae or prepupae was used as a template for PCR amplification, restricting our screen to superfamily members expressed during the onset of metamorphosis. The PCR products were purified by gel electrophoresis and inserted into a plasmid vector for further analysis.
A key step in our cloning strategy was to rapidly identify sequences corresponding to known superfamily members and eliminate those fragments from further analysis. To achieve this goal, 12 gene-specific oligonucleotide probes were designed from the coding sequences for the central unique region of each Drosophila DNA-binding domain (Fig. 1) . Colony lifts containing the cloned PCR fragments were hybridized with a mixture of oligonucleotide probes, and those colonies that failed to hybridize were analyzed by DNA sequencing. A total of 10,000 clones were screened. At least 10 independent PCR amplifications were performed with each of the six primer pairs, and between 1000 and 2000 clones derived from each primer pair were screened. Plasmid DNA was sequenced from 423 clones that failed to hybridize to the gene-specific probes. The deduced amino acid sequences fell into five classes that contained key conserved amino acids characteristic of nuclear hormone receptors, as well as several classes that contained no sequence homology. Of the five classes that appeared to correspond to nuclear receptors, two were identical to DHR3
.00
and E75, with the exception of a single-base-pair change in the central region where the gene-specific probes would hybridize. These changes most likely arose during PCR amplification and indicate that our hybridization conditions are sensitive enough to discriminate sequences with single-base-pair resolution. The other three classes corresponded to novel members of the nuclear hormone receptor superfamily, described in more detail below. Because no new RXR family members were identified with the R8 primer (after screening 1831 colonies), it appears that usp is the only RXR gene expressed during the early stages of metamorphosis.
Isolation, Cytogenetic Mapping, and DNA Sequence Analysis of DHR38, DHR78, and DHR96 cDNAs. PCR fragments corresponding to each new superfamily member were used as probes to isolate cDNA clones. Each gene was named on the basis of its cytogenetic location in the polytene chromosomes: DHR38 maps to 38E1-2, DHR78 maps to 78D4-5, and DHR96 maps to 96B12-14 (data not shown). Interestingly, none of these regions correspond to puffs in the salivary gland polytene chromosomes, suggesting that the superfamily members that are represented by puff loci have been identified.
The longest cDNA for DHR38 and full-length cDNAs for DHR78 and DHR96 were sequenced on both strands [GenBank accession nos. U36762 (DHR38), U36791 (DHR78), and U36792 (DHR96)]. Database searches revealed that DHR38 shares extensive sequence homology with the rat protein NGFI-B, an orphan nuclear hormone receptor, as well as its human homolog, NAK1 (Fig. 2A) . The overall identity between DHR38 and NGFI-B is 48%, while there is 64% identity in the 330-aa region extending from the DNA-binding domain through the C terminus of the DHR38 protein. This high degree of sequence identity suggests that DHR38 is the Drosophila homolog of NGFI-B.
In contrast, DHR78 and DHR96 appear to encode novel orphan receptors. The DNA-binding domain of DHR78 is 74% identical to the TR2 orphan receptor and 67% identical to Usp (Fig. 2B) . The DHR78 ligand-binding/dimerization domain (aa 397-601) is most similar to that of the vitamin D receptor, with 28% identity. The DNA-binding domain of DHR96 is 64% identical to the human vitamin D receptor and 52% identical to EcR (Fig. 2C) Temporal Profiles of DHR38, DHR78, and DHR96 Transcription During the Onset of Drosophila Metamorphosis. As a first step toward understanding the functions of DHR38, DHR78, and DHR96 during Drosophila development, we determined their temporal patterns of transcription during the onset of metamorphosis. Northern blots containing total RNA isolated from staged third-instar larvae and prepupae were probed to detect transcripts from each of the three genes (Fig.  3) .
DHR38 encodes a predominant transcript of 1.9 kb, although 3.6-, 4.0-, and 6.2-kb transcripts can be detected upon longer exposure (Figs. 3 and 4 and data not shown) . The 1.9-kb DHR38 mRNA is expressed throughout third-instar larval and prepupal development, with a reduction in levels in mid-thirdinstar larvae (Fig. 3) . DHR78 encodes a single 2.3-kb transcript and DHR96 encodes two transcripts, 2.8 and 0.6 kb in length. Both genes are expressed throughout third-instar larval and prepupal development, with distinct increases in abundance at 106 hr after egg laying (Fig. 3) . A subset of 20E-regulated genes are coordinately induced at these times (34) , suggesting that DHR78 and DHR96 may be 20E-inducible. Curiously, the 600-bp DHR96 transcript, which can also be detected with a probe derived from the DNA-binding domain (data not shown), is present at the beginning of the third larval instar and is downregulated 94 hr after egg laying. This response parallels the repression of theAdh larval promoter (34) , which has been proposed to be a 20E-regulated event (36) .
The temporal patterns of DHR38, DHR78, and DHR96 transcription most closely resemble those of the genes encoding the 20E receptor. EcR and usp mRNAs can be detected throughout third-instar larval and prepupal development (34, 37) . Temporal specificity is dictated by the pulses of 20E that are required for receptor activation. The temporal profiles of DHR38, DHR78, and DHR96 transcription are consistent with the possibility that these genes, like EcR and usp, may encode ligand-dependent receptors.
DHR78 and DHR96 Are Induced by 20E in Cultured Larval Organs. To determine whether DHR38, DHR78, and DHR96 are 20E-inducible, we analyzed RNA extracted from massisolated larval organs cultured for 0-8 hr with the hormone. Equal amounts of RNA from each time point were analyzed by Northern blot hybridization (Fig. 4) Temporal profiles of DHR38, DHR78, and DHR96 transcription during the onset of metamorphosis. Northern blots containing RNA samples isolated from staged third-instar larvae and prepupae collected at 2-hr intervals were probed to detect DHR38, DHR78, and DHR96 mRNAs. These blots have been used previously for detailed studies of 20E-regulated gene transcription (34) . One set of blots was sequentially stripped and hybridized with probes from each gene, in order to allow direct comparison of transcription patterns. The blots were also hybridized to detect rp49 mRNA, as a control for equal loading (data not shown). Developmental times are shown at the top as hours after egg laying, for third-instar larval development, and as hours after puparium formation, for prepupal and pupal development. Landmark 20E-triggered developmental transitions are shown at the top. loaded and transferred. Transcripts from all three receptor genes can be detected at the 0-hr time point, consistent with their expression in late-third-instar larvae (Fig. 3) . Two transcripts of 1.9 kb and 4.0 kb, present at low levels, are detected by a DHR38 antisense RNA probe (Fig. 4) . The 4.0-kb transcript may be weakly induced by 20E, showing a peak at 4-8 hr after 20E addition, although the levels of the 1.9-kb transcript remain unchanged throughout the time course. In contrast, DHR78 transcripts begin to accumulate to higher levels after several hours of culture, peaking at 3-8 hr after 20E addition, indicating that this gene is induced by 20E. As expected, the 600-bp DHR96 transcript is not detectable in cultured late larval organs (Fig. 3) (Fig. 5) . DHR38 binds specifically to the NBRE, as expected for a Drosophila homolog of NGFI-B (Fig. 5) . Mutagenesis of the NGFI-B DNA-binding domain identified amino acids downstream from the zinc fingers that are required for specific binding-site recognition (38) . These residues are conserved in DHR38, consistent with its ability to bind to an NBRE. The selectivity of this interaction argues that the two adenosines upstream from the AGGTCA half-site are critical for DHR38 binding, as has been shown for NGFI-B (32) . Furthermore, the ability of DHR38 to bind to a single AGGTCA half-site suggests that, like NGFI-B (5), this protein can bind DNA as a monomer. DHR78 binds to the DR-3, DR-4, DR-5, and TREpal oligonucleotides, the only oligonucleotides containing two AGGTCA half-sites (Fig. 5) . This requirement for two halfsites, as well as the presence of at least three size classes of protein/DNA complexes, suggests that DHR78 binds DNA as a multimer. Interestingly, the hsp27 EcRE is the only oligonucleotide bound by DHR96 (Fig. 5) . The EcRE consists of a palindromic arrangement of the imperfect half-sites AGtgCA and gGtTCA. DHR78 and DHR96 thus recognize distinct sequences that can also be bound by the EcR/Usp heterodimer (29) . These distinct binding specificities are consistent with the P-box sequences of the DHR78 and DHR96 proteins. The DHR78 P-box, EGCKG, like that of DHR38, directs binding to an AGGTCA half-site sequence (1) . In contrast, DHR96 contains a unique P-box sequence not seen in any superfamily member described to date-ESCKA. Determination of a preferred DHR96 binding site should allow us to determine the significance of its ability to bind the hsp27 EcRE.
All of the tested oligonucleotides that are specifically bound by the EcR/Usp heterodimer are also bound by either DHR78 or DHR96 (29 Usp, or any of the Drosophila orphan receptors. The multiple forms of DHR78 protein/DNA complexes detected by mobility-shift assay suggest that this protein is capable of forming higher-order binding complexes. The requirement for two half-sites for DHR78 and DHR96 binding is also consistent with these proteins binding as dimers (Fig. 5) . Biochemical and genetic studies of DHR38, DHR78, and DHR96 should provide further insights into their possible regulatory functions and interactions with other Drosophila superfamily members. These studies should also lead to a clearer understanding of how nuclear hormone receptor superfamily members might function together to control the diverse developmental pathways associated with insect metamorphosis.
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